The kinematic and isotropic strain hardening was investigated in columnar-grained copper with preferentially oriented nanoscale twins deformed at two different strain rates of 5 × 10 −5 and 5 × 10 −3 s −1 . A significant back stress is caused majorly by threading dislocation pile-up and accumulation at the grain boundaries and is strain rate independent. The isotropic hardening associated with an increment in the local effective stress stems from dislocation storage at twin boundaries, and a high strain rate is beneficial for enhancing isotropic strain hardening and tensile ductility.
Introduction
Nanotwinned (NT) metallic materials of a hierarchically heterogeneous microstructure, consisting of microor submicro-sized grains with embedded nanoscale twins, have attracted considerable attention over the past decade, due to their extraordinary mechanical and physical properties [1] [2] [3] [4] [5] [6] [7] [8] . There have been plenty of investigations dealing with the mechanisms how microstructural parameters, such as twin thickness, twin boundary (TB) orientation, and grain diameter (or twin length), influence the mechanical response, especially for their unique strain hardening behavior [9] [10] [11] [12] [13] . For example, in columnar-grained NT Cu with TBs in most grains highly aligned with the tensile direction, it has been demonstrated that plastic deformation tends to concentrate along grain boundaries (GBs), resulting in a strong dependence of tensile ductility on grain size [14] . Such inhomogeneous deformation results in CONTACT Zesheng You zsyou@njust.edu.cn Herbert Gleiter Institute of Nanoscience, Nanjing University of Science and Technology, 200 Xiaolingwei Street, Nanjing 210094, People's Republic of China strong intra-grain strain gradients and accumulation of geometrical necessary dislocations (GNDs), which may build up long-range back stresses to dislocation movement as well [15, 16] .
Fundamentally, dislocations accumulated at TBs and GBs may give rise to directional long-range back stress (kinematical hardening) and non-directional local effective stress (isotropic hardening). However, most of the previous mechanical tests on NT metals were carried out in a monotonic manner [12, 14] , which makes it impracticable to assess the potential contributions of these two components to the total strain hardening. A quantitative evaluation of the evolution of back stress and associated kinematic hardening with plastic deformation would be valuable to understand more thoroughly the strain hardening behavior of NT structures.
The kinematic strain hardening is conventionally studied through strain-reversal or just unloading-reloading tests [17] [18] [19] . However, the application of similar tests to NT metals with limited specimen size is partly constrained by the lack of accurate strain measurement apparatus to definitely determine the reverse yielding point. In this study, a high accuracy contactless strain gauge based on digital image correlation (DIC) was designed to measure the applied strain of miniaturized tensile specimens and to investigate the influence of strain rate on the kinematic and isotropic hardening of columnar-grained NT Cu with preferentially oriented nanoscale growth twins.
Experimental
The NT Cu sheet with highly aligned nanoscale growth twins was prepared by direct-current electro-deposition, as described in detail elsewhere [14] . In this study, the samples have a heterogeneous microstructure of columnar grains with a mean transverse diameter of ∼ 6 μm and longitudinal lengths ranging from 50 to 200 μm. The twins, with an average thickness of ∼ 70 nm, were mainly oriented parallel to the deposition plane [14] . Dog-boneshaped flat tensile specimens with a gauge length of 5 mm and a gauge width of 2 mm, as illustrated in the inset of Figure 1 (c), were cut from the as-deposited sheet by electrical discharge machining and then mechanically ground to a final thickness of ∼ 500 μm from the growth surface. Therefore, most TBs are almost parallel to the tensile direction. The tensile tests were performed in an Instron 5982 machine with a load cell of 5 kN capacity at the room temperature with two different strain rates, 5 × 10 −5 and 5 × 10 −3 s −1 , respectively. In order to quantify the evolutions of back stress and effective stress, the samples were unloaded under load control at different plastic strains to 10 N and then reloaded under displacement control at the same strain rate as the initial loading to obtain stress-strain hysteresis loops. The load reduction rate during unloading is 80 N min −1 . Figure 1(a) shows the gauging system developed to accurately measure the applied strain, which consists of a Navitar Zoom 6000 optic lens with a magnification of 1, a high-resolution CCD camera (2088 × 1024 pixels) and a self-designed software for instantaneously capturing and analyzing images. Before testing, a random speckle pattern as shown in Figure 1 (b) was produced on one surface of the tensile specimen by first painting a white background and then spraying black ink dots using a medical sprayer. Several 25 × 25 subsets of pixels were manually selected to mark the upper and lower limits of the gauge section. The software uses a delicate algorithm to compute the relative displacements of the selected pixel subsets in real time during the tensile testing. Figure 1 (c) shows the elastic portion of a stress-strain curve, which exhibits a quite good linear relationship, as expected. The line slope, namely the elastic modulus E, is 115.2 ± 0.5 GPa, in the range of published values for polycrystalline Cu [20] , confirming that the accuracy of the gauging system is high enough for measuring the elastic strains and thus for detecting the reversed plastic yielding points during unloading.
Microstructural characterization of specimens tensioned to fracture at different strain rates was conducted in a Zeiss Auriga FIB/SEM double-beam system through electron backscatter diffraction (EBSD). Regions about 1 mm far away from the fracture surface were analyzed with a step of 150 nm. Based on the EBSD data, the kernel average misorientation (KAM) maps were constructed by computing the average misorientation of each point with respect to all its neighbors. Misorientations larger than 5°were regarded as GBs and excluded in the calculation of the average misorientation [21] [22] [23] . The microstructure of specimens tensioned to an equivalent true strain of ∼ 6% at the two strain rates was also characterized by a JEOL 2010 transmission electron microscope (TEM) operated at an accelerating voltage of 200 kV.
Results and discussion
Figure 2(a) shows typical true stress-strain curves of monotonic and loading-unloading tests for the columnar-grained NT Cu tested at different strain rates. A strong strain rate-dependent tensile behavior, related to both the strength and tensile ductility, was detected. The ultimate tensile strength is increased from 300 to 370 MPa with increasing strain rate from 5 × 10 −5 to 5 × 10 −3 s −1 . The elongation to failure is ∼ 16% at the high strain rate, while it is only ∼ 6% at the low strain rate.
All the unloading-reloading cycles, obtained as the samples were pre-strained to different magnitudes at the high and low strain rates, exhibit a pronounced hysteresis with obvious reverse plastic flow detected even when the overall stress is still in tension, as illustrated in Figure 2 (b) for an unloading test after pre-straining at the low strain rate to ∼ 1.93%. In order to quantify the physical nature of strain hardening, the flow stress σ f was divided into back stress σ B and effective stress σ eff according to the conventional Dickson method which is expressed as follows [24, 25] :
where σ r is the reverse yield stress and σ * is the thermal part of the flow stress related to viscous flow at the initiation of unloading. σ r and σ * are usually taken as the points where an elastic line with an offset plastic strain δ and a slope equal to the Young modulus E intercepts the unloading curve, as schematically shown in Figure 2 (b). This partitioning is reasonable only when the activated back stress remains constant before unloading to σ r (the end of the elastic domain) [24, 25] . Therefore, a small δ of 1 × 10 −4 is utilized, which is twice as large as the scattering in the measured strain data (5 × 10 −5 ), in order to approximately satisfy the constant back stress requirement. The variations of back stress and effective stress as a function of pre-strain are presented in Figure 3(a,b) , respectively. For both strain rates, the back stress increases slightly from 180 to 200 MPa as the plastic strain is elevated from 1% to 6%, following a common tendency shown in Figure 3(a) . The back stress appears to be independent of strain rate and saturates at a strain of ∼ 3%. Considering that the back stress should be zero when no plastic strain has been applied, there should be a rapid increment in the back stress at small strains (schematically plotted as a dashed line in Figure 3(a) ).
As a result, the kinematic hardening associated with the directional back stress is strain rate independent. On the contrary, the evolution of the effective stress is sensitive to strain rate (Figure 3(b) ). When the sample is tensioned at the low strain rate, the increment in effective stress is almost negligible. However, at the high strain rate, the effective stress linearly increases from 120 to 160 MPa with increasing strain from 1% to 10%, which mainly contributes to the enhanced work hardening rate and better tensile ductility at the high strain rate.
The development of directional back stress during plastic deformation is in general caused by the accumulation of GNDs, which is required to accommodate the strain gradient in the vicinity of internal interfaces [17, 18, 26] . It has been well recognized that the back stress plays an important role in mediating the strengthening and strain hardening of heterostructured materials [27] [28] [29] [30] . During the deformation of conventional polycrystals, remarkable strain inhomogeneity may take place at GBs with large misorientations [31] . However, owing to the easy plastic relaxation at GBs in the traditional coarse grains, the produced back stress and kinematic hardening are generally limited. On the contrary, extensive dislocation interactions in grain interiors lead to substantial isotropic hardening. The incorporation of high-density nanoscale TBs in NT metals can significantly alter the characteristics of dislocation storage and hence the strain hardening behavior.
In order to unveil the feature of the heterogeneous deformation leading to the pronounced back stress, the underlying deformation mechanism should be considered. In the NT metals, the dislocation-TB interactions dominating the plastic deformation are highly dependent on the loading direction with respect to TBs [10, 32, 33] . When the tensile direction is parallel to TBs, the plastic deformation is predominately accommodated by threading dislocations propagating on inclined slip planes under the constraint of neighboring TBs [14] . These dislocations preferentially nucleate at GBs, and then glide parallel to TBs until they eventually pile-up against the opposite GBs. As a consequence, various complex deformation gradients develop adjoining to the GBs and in the grain interiors with increasing strain. Figure 4(a,b) displays the plane-view EBSD KAM maps for specimens tensioned at the high and low strain rates, respectively. There are regions with high KAMs close to some GBs or extending from GBs towards grain interiors in both maps, which are possibly caused by the accumulation of threading dislocations to accommodate the strain incompatibility between adjoining grains. The TEM micrograph in Figure 4(d) shows plenty of dislocation debris stored close to a deformed GB, which has been investigated previously [14] .
In addition to the GB-related strain concentrations, there are also high KAMs locating at the center of some grains in Figures 4(a,b) . In order to reveal the origin of such orientation gradients, the TB orientation and the primary slip directions were analyzed by constructing pole figures using the EBSD orientation data around the intragranular high KAM sites. For instance, Figure 4 (c) illustrates the {1 1 1} pole figure corresponding to the area enclosed by the dashed rectangle in Figure 4(a) . Obviously, the TBs are almost parallel to the observation plane (with a tilt angle of ∼ 8°) and the tensile direction. Therefore, it is likely that the local orientation gradients develop in the matrix/twin lamellae and are also related to the accumulation of threading dislocations. Two slip systems with Burgers vectors of CA and CB in the matrix (or C T A T and C T B T in the twin) are favorably oriented with respect to the tensile direction, and therefore could be approximately equally activated in the course of deformation. This conclusion applies to other evident high KAM regions in the grain interiors. The activation of such multiple slips of threading dislocations in the twin lamellae promotes the formation of heterogeneous dislocation structures and orientation gradients in some grain interiors at relatively large plastic strains [25] .
As Figure 3(a) shows, the back stress rapidly saturates at a small strain of ∼ 3%. This phenomenon is associated with plastic relaxation occurring in the vicinity of GBs once the local dislocation density or stress is larger than some critical value. Among the possible relaxation processes are dislocation reconfiguration leading to the formation of dislocation cells or sub-grains [11, 14] , localized destruction of growth nanotwins [14, 34] , and even intergranular cracking that appears to be enhanced at low strain rates [13] .
Distinct from the kinematic hardening arising from the inhomogeneous deformation, the isotropic hardening is correlated to the accumulation of local barriers to dislocation movement. Considering that the deformation is mediated by threading dislocations gliding inside the twin lamellar channels, dislocations of the same slip system stored in the lamellae can result in self-hardening, while the pile-up of dislocations from other slip systems against TBs causes cross-hardening of the activated threading dislocations [31] . Figure 4 (e) shows that a large number of dislocations can be observed at TBs in the specimen deformed at the high strain rate, while the twin lamellae are much cleaner in the specimen deformed at the low strain rate (Figure 4(f) ). This explains the enhanced isotropic hardening at the high strain rate as shown in Figure 3(b) . It has been well recognized that dislocation pile-up and slip transfer across TBs with residual dislocations left at TBs is a process of pronounced strain rate sensitivity [35, 36] . Therefore, the isotropic hardening at high strain rates must also be promoted by the enhanced dislocation-TB interactions that generate more TB imperfections.
Because of the high alignment with the tensile direction and the resultant movement of threading dislocations parallel to TBs, dislocations accumulated near TBs in the NT Cu contribute more to the isotropic hardening than to the kinematic hardening. This is distinctively different from the scenario in many other materials. For instance, in twinning-induced plasticity (TWIP) steels, dislocations in the matrix were assumed to stop at the thin twins generated by prior deformation, causing instead a back stress to develop which impedes the progress of similar dislocations [37, 38] . Since the deformation twins in the TWIP steels are generally widely spaced and highly inclined to the loading axis, such interactions between dislocation-mediated slip in the matrix and TBs are ubiquitous. Whether analogous kinematic hardening is also present in NT structure deformed by dislocation pile-up and slip transfer across TBs awaits further investigation.
Conclusion
In this work, through a contactless strain gauging system with high accuracy, we investigated the influence of strain rate on the development of long-range back stress and local effective stress during tensile deformation of a pure Cu with preferentially oriented nanotwins. Because the TBs are parallel to the tensile direction, threading dislocations propagating in the twin lamellae mediate the plastic deformation. Their accumulation at GB regions and in grain interiors contribute to the substantial directional back stress and kinematic hardening. The isotropic hardening is caused by the buildup of TB imperfections that resist the forward and backward movement of threading dislocations. The kinematic hardening is strain rate independent, whereas high strain rates enhance dislocation-TB interactions and storage of dislocations at TBs, which is critical to ensure high tensile ductility.
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